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Introduction 

Mutations  in  the  BRCA2  gene  have  been  found  in  many  familial  breast  cancers  (Miki  et 
al.,  1996,  Easton  et  al.,  1993,  and  Couch  et  al.,  1996).  Cells  deficient  in  BRCA2  or 
containing  BRCA2  mutations  lead  to  various  cellular  abnormalities  including  increased 
sensitivity  to  DNA  damage  by  genotoxic  agents,  accumulation  of  DNA  double-strand 
breaks,  chromosome  abnormalities,  and  changes  in  cell  cycle  check  point  and  apoptotic 
responses  (Ludwig  et  al.,  1997,  Sharan  et  al.,  1997,  and  Suzuki  et  al.,  1997,  Patel  et  al., 
1998).  It  was  proposed  that  BRCA2  could  be  involved  in  DNA  repair.  This  hypothesis 
was  further  supported  by  evidence  suggesting  that  BRCA2  interacts  with  Rad51,  a 
protein  involved  in  DNA  recombination  repair  (Sharan  et  al.,  1997).  BRCA2  binds 
RadSl  through  six  highly  conserved  BRC  repeats  (Chen  et  al.,  1998);  however,  the 
biological  role  associated  with  these  interactions  is  yet  to  be  determined.  In  this  proposal, 
we  plan  to  test  the  significance  of  these  interactions  in  cellular  function  and  DNA  repair 
by:  1)  expression  of  wild- type  and  mutated  BRC  repeats  in  cells  treated  with  DNA 
damaging  agents  2)  expression  of  BRCA2  containing  single  point  mutations  in  BRC 
repeats  in  cells  treated  with  DNA  damaging  agents  3)  expression  of  short  peptides 
mimicking  wild-type  BRC  repeats  to  sensitize  tumors  in  nude  mice  to  DNA  damaging 
agents  .  Determining  the  precise  role  of  BRCA2  in  RadSl  mediated  DNA  repair  could  be 
an  important  step  in  cancer  prevention  and  in  combating  resistance  to  radiation  therapy. 
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Body 

We  have  made  the  following  progress  on  testing  the  novel  idea  that  BRC  repeat  play  an 
important  role  in  DNA  double-strand  break  repair  and  damage  response. 

1)  To  determine  the  critical  residues  in  the  BRC  repeats  ofBRCAl  and  the  significance 

of  these  residues  for  BRCA2/Rad5 1  interactions. 

1.  Identification  of  mutations  in  the  first  and  fourth  BRC  repeats  of  BRCA2 
that  result  abolish  RadSl  binding. 

To  systematically  address  the  biological  consequence  of  the  interaction  between 
BRCA2  and  Rad51,  amino  acid  residues  of  the  first  BRC  repeat,  BRCl,  that  are  critical 
for  Rad5 1 -binding  were  first  identified.  BRCl  was  subjected  to  biased  PCR  mutagenesis 
(Shan  et  al.,  1996),  and  the  mutated  cDNAs  were  translationally  fused  to  the  GAL4  DNA- 
binding  domain  in  the  yeast  vector,  pASl  (Durfee  et  al.,  1993),  to  generate  a’ library  of 
2x10^  individual  clones  referred  to  as  pAS/BRCl-ML.  A  reverse  two-hybrid  screen  with 
negative  selection  was  used  to  isolate  clones  that  fail  to  bind  RadSl  as  described 
previously  (Vidal  et  al.,  1996).  Several  mutations  in  BRCl  were  identified  that 
significantly  reduced  RadS  1 -binding  in  a  yeast  two-hybrid  assay  (Table  1).  BRCl -Ml  is 
a  mutation  that  changes  a  conserved  threonine  residue  to  alanine.  BRCl -M2  and  -M3  are 
changes  in  non-consensus  amino  acids,  and  BRC1-M4  carries  a  double  mutation  at  the 
two  C-terminal  BRCl  residues,  the  last  residue  of  which  is  conserved.  Interestingly,  a 
familial  mutation,  G1529R,  has  been  previously  found  in  BRC4  (Breast  Cancer 
Information  Core).  Specific  RadSl  binding  activity  by  BRC4  was  also  tested  and  found 
to  be  approximately  three  times  stronger  than  BRCl  (Table  1).  Two  BRC4  mutations, 
BRC4-M5,  an  analogous  mutation  to  BRCl -Ml,  in  which  the  conserved  threonine  at  the 
third  position  is  changed  to  an  alanine,  and  BRC4-M6  which  contains  the  G1529R 
mutation,  were  constructed  and  have  reduced  RadSl -binding  (Table  1).  These  results 
suggest  that,  despite  their  sequence  conservation,  the  ability  of  BRC  repeats  to  bind 
Rads  1  varies,  and  is  dependent  on  specific  residues. 

2.  Conditional  expression  of  wild-type  and  mutated  GFP-BRC4  fusions  in 
MCF7  cells 

To  determine  the  functional  importance  of  the  interactions  between  the  BRC  repeats 
of  BRCA2  and  RadSl,  cells  that  conditionally  express  BRC  repeats  fused  to  the  green 
fluorescent  protein  (GFP)  were  generated.  A  GFP-BRC4  repeat  fusion  protein  also 
containing  a  nuclear  localization  signal  and  a  myc  epitope  (Fig  lA)  was  subcloned  into 
an  expression  plasmid  (pUHDlO-3)  driven  by  the  core  cytomegalovirus  (CMV)  promoter 
linked  to  a  tet  operator  heptad  (pUHDlO-3/GFP-BRC).  A  similar  expression  plasmid  for 
BRC4-MS  was  also  made.  These  two  plasmids  were  separately  co-transfected  into  MCF- 
7  cells  with  pCHTV,  bearing  a  hygromycin-resistance  gene  and  a  CMV-controlled 
tetracycline  repressor-VP16  fusion  transcription  unit  (Chen  et  al.,  1996).  Hygro-resistant 
clones  were  subsequently  isolated. 
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Two  stable  lines  of  MCF-7  cells,  WT-8  and  MT-1 1,  that  conditionally  express  wild- 
type  and  BRC4-M5  mutant,  respectively,  were  established  (Fig.  lA).  Tetracycline- 
responsive  expression  of  the  GFP-BRC4  fusion  proteins  in  these  two  lines  was  clearly 
demonstrated  by  immunoprecipitation  with  a-myc  antibodies  and  immunoblotting  with 
a-GFP  (Fig.  IB,  top  panel  compare  lanes  2  and  4  with  1  and  3). 

3.  Over-expression  of  wild-type,  but  not  mutated,  BRC4  repeats  diminished  the 
interaction  between  BRCA2  and  RadSl 

Rad5 1  is  detected  in  the  immunoprecipitates  of  wild-type,  but  not  GFP-BRC4-M5 
(Fig.  14B,  compare  lane  4  with  2),  indicating  that  the  GFP  fusion  with  wild-type  BRC4 
binds  to  Rad51  in  cells.  Importantly,  expression  of  wild-type,  but  not  the  BRC4-M5 
mutant,  significantly  reduced  the  amount  of  BRCA2  in  the  Rad5 1  immunoprecipitates, 
and,  in  the  reciprocal  experiment,  reduced  the  amount  of  RadSl  in  the  BRCA2 
immunoprecipitates  (Fig.  2,  compare  lane  4  with  lane  2).  These  data  strongly  suggest 
that  over  expression  of  the  wild-type,  but  not  mutated,  BRC4  repeat  effectively  disrupts 
the  interaction  between  BRCA2  and  RadS  1 . 

The  establishment  of  these  inducible  clones  will  provide  an  extremely  useful  tool  for 
us  to  further  study  the  functional  significance  of  the  interaction  between  BRCA2'and 
RADS  1  in  DNA  damage  repair  and  response  in  vivo. 

2)  To  test  the  importance  ofBRC  repeats  in  BRCA2  for  binding  to  RadSl  in  response  to 

DNA  damage. 

To  accomplish  this  task,  we  are  in  the  process  to  determine  the  cellular  activities 
including  sensivity  to  various  DNA  damage  agents  treatment,  radiation-induced  focus 
formation,  and  DNA  damage  cell  cycle  checkpoint  in  these  inducible  clones  in  which 
BRCA2-RadS  1  interaction  are  specifically  interrupted  or  not. 


1.  Determine  if  Over-expression  of  wild-type  BRC4  repeats  associates  with 
hyper-sensitivity  to  various  DNA  damaging  agents 


Since  RadSl  plays  a  critical  role  in  the  repair  of  DNA  double-strand  breaks  by 
homologous  recombination  (Shinohara  et  al.,  1992),  disruption  of  the  interaction  between 
BRCA2  and  RadSl  may  have  an  adverse  effect  on  the  ability  of  cells  to  respond  to  DNA 
damage.  To  test  this  possibility,  both  WT-8  and  MT-11  cells  cultured  either  with  or 
without  tetracycline,  will  be  mock-exposed  or  exposed  to  various  DNA  damaging  agents 
treatments  including  ionizing  radiation,  UV  ,  MMS,  and  MMC,  and  cell  survival  will  be 
determined  by  a  clonogenic  assay.  We  expect  induced  expression  of  wild-type  BRC4 
repeats  (WT-8,  -  Tet)  will  be  associated  with  a  significantly  reduced  cell  survival  rate 
when  compared  to  uninduced  expression  of  wild-type  (WT-8,  +  Tet)  or  to  either  induced 
(MT-1 1,  -  Tet)  or  uninduced  (MT-1 1,  +  Tet)  expression  of  mutated  BRC4. 
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2.  To  test  for  BRC's  effect  in  modulating  the  focus  formation  of  RadSl 
following  ionizing  radiation 


To  further  explore  the  DNA  damage  response  of  the  WT8  and  MTll  cell  lines,  the 
appearance  of  radiation-induced  Rad5 1  -containing  foci  will  be  examined.  We  expect  that 
under  uninduced  conditions  (+Tet),  both  clonal  lines  will  form  RadSl  foci  after  y- 
irradiation  as  we  previously  reported  in  T24  cells  (Zhong  et  ah,  1999).  However,  WT-8 
cells  induced  to  express  wild-type  GFP-BRC4  repeat  will  exhibite  a  reduction  in  the 
appearance  of  RadS  1  foci  compared  to  cells  induced  to  express  the  GFP-BRC4-M5 
mutated  repeat.  These  data  will  provide  insight  information  if  the  interaction  between 
BRCA2  and  RadS  1  is  crucial  for  the  formation  of  RadS  1  repair  foci  and,  furthermore, 
that  exogenous  expression  of  BRC  repeats  can  interfere  with  this  activity. 

3.  To  test  the  effect  of  over-expression  of  wild-type  BRC4  repeats  in  MCF7  cells 
on  Gl/S  and  G2/M  checkpoint 

Increased  sensitivity  to  ionizing  radiation  may  result  from  defects  in  the  DNA  repair 
machinery  or  in  the  molecules  essential  for  cell  cycle  checkpoint  control.  When  normal 
mouse  embryo  fibroblasts  (MEF)  are  exposed  to  y-irradiation,  their  transit  through  the 
cell  cycle  is  arrested  at  one  of  two  points  (Kuerbitz  et  ah,  1992,  and  Xu  et  ah,  1999).  The 
Gl/S  checkpoint,  which  is  dependent  upon  p53  and  p21  (Kastan  et  ah,  1992,  Lu  and 
Lane,  1993,  Brugarolas  and  Jacks,  1997,  and  Deng  et  ah,  1995),  prevents  the  replication 
of  damaged  DNA.  The  G2/M  checkpoint  prevents  segregation  of  damaged  chromosome 
(Elledge,  1996).  To  test  for  a  potential  role  of  BRCA2/Rad5 1  interactions  in  DNA 
damage-induced  cell  cycle  checkpoint  control,  cells  expressing  the  GFP-BRC4  repeats 
will  assayed  for  Gl/S  and  G2/M  checkpoint  integrity  in  response  to  y-irradiation. 

4.  To  test  small  BRC  repeat  peptides  in  vivo  for  their  ability  to  overcome  tumor 
resistance  to  DNA  damaging  agents 

Once  the  cellular  effect  of  BRC  repeat  interference  on  BRCA2-RAD5 1  interaction  is 
determined,  we  shall  proceed  to  tumor  resistance  experiments  as  proposed. 
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Key  Research  Accomplishments 

1 .  Mutations  in  the  BRC  repeats  of  BRCA2  that  result  abolish  Rad5 1  binding  are 
identified. 

2.  Cell  clones  that  conditional  expressing  wild-type  and  mutated  GFP-BRC4  fusions 
in  MCF7  cells  are  established. 

3 .  Over-expression  of  wild-type,  but  not  mutated,  BRC4  repeats  diminished  the 
interaction  between  BRCA2  and  RadSl  in  vivo. 
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Conclusions 

Since  the  beginning  of  the  grant  funding,  we  have  successfully  screened  out  BRC 
repeat  mutants  that  could  not  bind  to  RAD51  and  established  cell  lines  inducibly 
expressing  wild-type  and  mutant  BRC  repeat.  Through  a  reverse  two-hybrid  screen  to 
isolate  clones  that  fail  to  bind  Rad51.  Several  mutations  in  BRCl  and  BRC4  were 
identified  that  significantly  reduced  Rad5 1 -binding.  To  determine  the  functional 
importance  of  the  interactions  between  the  BRC  repeats  of  BRCA2  and  Rad5 1 ,  cells  that 
conditionally  express  wild-type  or  mutant  BRC  repeats  fused  to  the  green  fluorescent 
protein  (GFP)  were  generated.  We  demonstrated  that  wild-type,  but  not  mutated,  BRC4 
repeat  effectively  disrupts  the  interaction  between  BRCA2  and  Rad51  in  vivo.  We  are  in 
the  process  of  examining  the  cellular  activities  including  sensivity  to  various  DNA 
damage  agents  treatment,  radiation-induced  focus  formation,  and  DNA  damage  cell  cycle 
checkpoint  in  these  inducible  clones.  These  are  straightforward  experiments,  we  do  not 
anticipate  any  difficulties  in  these  experiments. 
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Appendices 


Table  l:Mutations  of  BRC  repeats  inactivate  its  Rad51  binding  activity 


BRC  Consensus 

II  L  D 

FXTASGKX  X  SXXXLXKXXXX  X 

V  V  F  E 

Realtive 

p-gal 

activity 

BRCl 

FRTASNKEIKLSEHNIKKSKMFFKD 

7 

BRCl  “Ml 

A 

<1 

BRCl  “M2 

G 

<1 

BRCl  “M3 

S 

<1 

BRC1“M4 

RG 

<1 

BRC4 

FHTASGKKVKIAKESLDKVKNLFDE 

22 

BRC4“M5 

A 

<1 

BRC4“M6 

R 

4 

vector 

1 

Table  1:  Identification  of  mutations  in  the  first  and  fourth  BRC  repeats  of  BRCA2 
that  disrupt  binding  to  RadSl.A  randomly  mutagenized  pool  of  cDNAs  encoding 
BRCl  repeats  (amino  acid  1009  to  1032)  was  cloned  into  the  pASl  vector  and  co¬ 
transformed  along  with  pGAD-Rad51  into  Mav203  cells.  Four  clones  with  DNA  inserts 
that  showed  no  detectable  p-galactosidase  activity  in  a  yeast  two-hybrid  assay  were 
isolated.  Mutations  with  amino  acid  changes  resulted. from  single  nucleotide  changes. 
RadSl -binding  activity  using  the  BRC4  in  pASl  vector  was  also  tested  in  the  assay. 
Note  that  this  repeat  has  3  fold  higher  activity  compared  to  the  BRCl  repeat.  The  T  to  A 
mutation  identified  above  in  the  BRCl  repeat  that  abrogates  RadSl  binding,  and  a 
familial  mutation  identified  in  BRC4  (G1 529R)  was  introduced  into  the  BRC4  and  tested 
in  the  yeast-two  hybrid  assay.  Both  of  the  mutations  significantly  reduced,  but  the  G  to  R 
mutation  did  not  completely  eliminate,  RadS  1  -binding  in  this  assay. 
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Figure  1.  Conditional  expression  of  wild-type  and  mutated  GFP-BRC4  repeat  in 
MCF7  cells  A .  Schematic  drawing  of  the  GFP-BRC4  fusion  containing  a  BRC4  cDNA 
fragment  translationally  fused  to  a  myc  epitope-GFP-NLS  cassette  in  a  modified 
pUHDlO-3  plasmid,  pUHDlO-3/GFP-BRC  (Top  panel).  Cell  clones  expressing  the  wild- 
type  GFP-BRC4  (WT-8)  (a-d)  and  mutated  GFP-BRC4-M5  (MT-11)  (e-h),  were 
visualized  by  GFP  autofluorescence  (a,  c,  e,  and  g)  after  incubation  in  the  presence  (a,  b, 
e,  and  f)  or  absence  (c,  d,  g,  and  h)  of  tetracycline  (Tet).  Fluorescence  overlaid  with 
phase-contrast  images  (b,  d,  f,  and  h)  show  nuclear  localization  of  these  fusion  proteins. 
B.  Co-immunoprecipitation  of  GFP-BRC4  with  Rad5 1  in  cells.  Cells  expressing  wild-type 
or  mutated  GFP-BRC4  were  immunoprecipitated  with  a-myc  antibody  (top  two  panels), 
immunoblotted  with  either  a-GFP  to  detect  the  GFP-BRC4  fusions  or  a-Rad5 1  (indicated 
in  the  left  margin).  Immunoprecipitation  and  Western  blotting  with  a-Rad51  antibody 
(bottom  panel)  determined  the  relative  levels  of  endogenous  RadSl. 
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MT-11  WT-8 
Tet  +  -  +  — 


A  IP:  a-BRCA2 


BRCA2 


RadSl  —  - 
B  IP:  a-Rad51 


BRCA2 

RadSl 


Figure  2.  Expression  of  wild-type  GFP-BRC4  fusion' inhibits  the  interaction  between 
BRCA2  and  RadSl  Expression  of  wild-type  GFP-BRC4  reduces  the  complex  formation 
between  BRCA2  and  Rad5 1 .  Inducible  of  wild-type  (laneS,  and  4)  or  mutated  GFP-BRC4 
(lanel,  and  2)  cell  line  were  examined.  Thirty-six  hours  after  induction  of  GFP-BRC4 
expression  (lane  1  and  3  indicated  un-induced),  cell  lysates  were  co-immunoprecipitated 
with  either  a-BRCA2  (top  panel)  or  a-Rad51  antibody  (bottom  panel).  The  resulting 
immune  complexes  were  analyzed  by  immunoblot  analysis  with  either  a-BRCA2  or  a- 
Rad5 1  antibody,  indicated  on  the  left  margin. 
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